The timing of the Middle Palaeolithic to Upper Palaeolithic transition in France is important to help understand when, where and how Neanderthals have been replaced by Homo sapiens. Radiocarbon dating has been the dating workhorse in constructing the chronological framework pertinent to these questions. In this study, we are testing whether single grain OSL dating has the accuracy and precision to be useful as a complementary dating method. The site of Les Cottés provides an ideal testing ground because of its stratigraphic integrity and reliable radiocarbon chronology. We applied single grain OSL dating of quartz to 19 samples and multi-aliquot MET-pIRIR dating of potassium-rich feldspar grains to 5 samples to explicitly test assumptions of pre-depositional resetting of the OSL signal and post-depositional exposure to variable beta dose rates. The good agreement between the single grain OSL and the multi-aliquot MET pIRIR ages suggest that the optical signals of both quartz and feldspar grains were reset prior to deposition and that much of the extra scatter observed in the equivalent dose distribution of quartz grains are likely due to the small-scale differences in beta dose delivered to individual grains. Both the quartz OSL and feldspar MET-pIRIR ages show great consistency with the 14C ages on bone collected from the same units. This gives confidence in the measurement and analytical approaches used to derive both the equivalent dose and dose rate, the numerator and denominator, respectively, of the luminescence age equation. These results suggest that a systematic and detailed single grain OSL dating study can have the accuracy and precision that is necessary to play a powerful role in the dating of the Middle and Upper Palaeolithic transition and other questions of importance in this time range and geographical area. 
Introduction 41
Radiocarbon ( 14 C) dating is playing a crucial role is estimating the timing of the transition from the 42 Middle Palaeolithic (MP) to the Upper Palaeolithic (UP) in Europe. In doing so, it contributes towards 43 an improved understanding of the nature of the transition, the process of Neandertal extinction, and 44 the peopling of Europe by early anatomically modern humans. The application of 14 C dating plays a 45 pivotal role in addressing key questions that include, amongst many others, whether modern 46 humans have abruptly replaced Neandertals or not, and whether the two human species may have 47 entirely independent cultural histories, or whether some interaction between the two species may 48 have resulted in cultural diffusion. Although dating itself cannot answer these questions, it is 49 undeniable that a reliable chronological framework for archaeological industries such as the 50
Aurignacian and the Châtelperronian is paramount in our quest to answer these questions. 51
52
Over the past two decades significant advances have been made in both 14 C dating of charcoal, 53
shell and bone and in optically stimulated luminescence (OSL) dating of sedimentary quartz and 54 feldspar mineral grains. When applying these two methods to Palaeolithic or Stone Age sites, 14 C 55 dating is restricted to sites younger than its effective upper limit of ~50 ka, and OSL dating is more 56 commonly applied to sites older than 50 ka (i.e., where 14 C dating cannot be used). Radiocarbon 57 dating is almost always preferred for sites <50 ka because of the much higher precision that can be 58 obtained, and because the dated materials (i.e., bone, charcoal, shell) are more closely associated 59 with the dating target event (i.e., occupation). In OSL dating of sediments we have to assume and 60 demonstrate that sediment deposition was pene-contemporaneous with occupation of the site. 61
Radiocarbon dating, therefore, allows construction of more finely resolved chronologies to match 62 the highly resolved archaeological industries, many of relatively short duration, of the European 63
Upper Palaeolithic (UP), in particular. 64 65 A major dilemma, however, has been that the events of interest all occurred very close to the 66 upper limit of the 14 C technique. The 14 C ages of older samples are particularly affected by younger 67 contaminants. For example, only 0.5% modern contamination of a sample that dates to 40 ka BP, will 68 result in an underestimation of ~4.4 ka and, thus, a measured age of 35.6 ka BP (Higham, 2011) , or 69 1% modern contamination of a sample >60 ka old, will result in a measured age of ~37 ka BP (Wood 70 et al., 2012) . A swath of recent was not removed adequately during the laboratory pretreatment of the samples (e.g., Mellars, 2006 ; 74 pretreatment techniques, such as acid-base wet oxidation and stepped-combustion (ABOX-SC) 76 procedures for charcoal (Bird et al., 1999) , molecular ultrafiltration procedures for bone collagen 77 ) and X-ray diffraction and density separation procedures for shell (Douka et ages among a distribution of ages from the same unit/layer are the closest to the true age of the 87 sample (Higham, 2011) , and correspondence with ages produced with independent dating methods 88 is also used (Turney et where the latter's accuracy become more ambiguous (e.g., the Mousterian). Les Cottés provides an 99 excellent testing ground since it is one of only a few sites that contain a complete sequence of the 100 cultural phases that make up the MP to UP transition in France. Furthermore, many of the cultural 101 phases are separated by sedimentary layers that contain little or no archaeological remains, so post-102 depositional mixing between the different cultural phases can be ruled out (e.g., Higham et al., 2010 ; 103 Hublin et al., 2012) . 104 
Optical dating 146
Optical dating provides a means of determining burial ages for sediments (Huntley et al., 1985 ; 147 Aitken, 1998; Jacobs & Roberts, 2007; Wintle, 2008) . The method is based on the increase in the 148 number of trapped electrons in mineral grains, such as quartz and feldspar, that increases steadily 149 over time after burial, in response to the energy supplied by background levels of ionising radiation 150 from environmental sources. The time elapsed since sediments were last exposed to sufficient heat 151 or sunlight to empty the relevant electron traps can be estimated from measurements of the OSL or 152 infrared stimulated luminescence (IRSL) signals to obtain an estimate of the equivalent dose (D e ), 153 together with determinations of the radioactivity of the sample and the material surrounding it to a 154 distance of ~40 cm to obtain an estimate of the dose rate (D r Rb make a significant contribution to sand-sized K-feldspar grains). 160
The burial age of grains that were well-bleached at the time of deposition can then be calculated by 161 dividing the estimated D e by the estimated D r for the entire period of burial. 162
163
In this study, we estimated the OSL D e values for all our samples using individual sand-sized grains 164 of quartz. One of the most important advantages of single grain measurements of quartz is the 165 ability to identify and eliminate individual grains that exhibit aberrant luminescence characteristics, 166 as these can lead to erroneous D e estimates when grains are combined on a multi-grain aliquot 167 are archaeologically sterile. Roof spall contamination is also not a major concern. We dissolved 175 numerous chunks of limestone found within our samples and established that the limestone is quitepure with no detectable sand-sized grains of quartz or feldspar. Partial resetting of the OSL signal 177 remains a possibility because of the dominant site formation process (i.e., slope run-off). A potential 178 weakness of single grain measurements, in a context like that presented at Les Cottés, is the possible 179 complications of beta microdosimetry -that is, the small-scale differences in the beta dose rate 180 delivered to individual grains. Each individual grain is influenced by the radioactivity of any particle 181 present within a surrounding radius of 2-3 mm. As the beta dose rate for a sample is based on an 182 average estimate and not a grain-specific estimate, the ubiquitous occurrence of small and large 183 limestone pieces throughout the deposits may, thus, lead to greater-than-expected scatter in the 184 single grain D e estimates (Murray and Roberts, 1997) . 185
To check the reliability of our single grain measurements, we also estimated the IRSL D e values for 186 a sub-set of our samples using multiple aliquots of sand-sized grains of K-feldspar. K-feldspar grains 187 are much less affected by differences in the external beta dose rate as they have a much greater 188 contribution to the dose rate derived from radioactive temperatures from 50 to 300°C using the so-called multiple-elevated-temperature (MET) pIRIR 203 procedure of Li (2011, 2012) . We chose to use the MET-pIRIR method (see discussion below). 204
The major drawback of pIRIR signals is that they are less sensitive to sunlight compared to the 205 conventional IRSL signal or the OSL signal in quartz, and a residual signal is often observed even after 206 an extended bleach (e.g., Li et al., 2013) . Given the different signal sensitivities to light exposure, 207
should the quartz and feldspar ages agree then adequate bleaching of the grains during sediment 208 transport prior to burial is demonstrated. So, by using this multiple D e estimation approach, we 209 should be able to satisfy most of our concerns regarding pre-depositional bleaching and post-210 depositional beta microdosimetry. 211 212
Sample collection 213
Nineteen sediment samples were collected for optical dating from each of the major stratigraphic 214 units, including the archaeologically sterile layers. All samples were collected at night using a red 215 light torch for illumination and an auger to extract the sediments from the cleaned section walls. 216
Additional sample material was collected during the day from each sample location for laboratory-217 based measurements of radioactivity and field moisture content. Fig. 2 shows the positions of all 19 218 samples in their sedimentary, stratigraphic and archaeological contexts and the same data are 219 presented in Table S1 . the north wall, in squares R4 and R5 ( Fig. 2A) , we collected 6 samples from the thickest part of the 224 CP (US06), the sterile layer overlying the CP (US05), the PA (US04 lower) and the EA (US04 upper). 225
Along the east wall (Fig. 2B) , into square X8, we collected 4 samples: one from the EA (US04 upper), 226 two from the thick sterile clay-layer (US03) and one sample from the UEA (US02). This profile gave us 227 the clearest, most horizontal representation of the upper part of the archaeological sequence, but 228 the lower part is not yet revealed here. Along the south wall ( Fig. 2C ), we collected 9 samples from 229 the upper-and lower-most parts of the archaeological sequence. This is the only part where the 230 Mousterian (US08) and the sterile layer (US07) separating it from the overlying CP (US06) has so far 231 been exposed. So, we collected 3 samples from the Mousterian and one sample from the sterile 232 layer. We also collected one sample from the CP to chronologically tie the CP found here to the CP 233 found on the opposite side of the site ( Fig. 2A) . Higher up the sequence, we collected one sample 234 from the UEA (US02), two samples from the sterile US01 and one sample from a clay layer stratified 235 between US01 and US02, in which some isolated UEA artefacts were found. Good lateral and 236 vertical coverage of the site was obtained with the necessary replicate samples from the same 237 stratigraphic units to allow spatio-temporal connections to be made across the site. 238 239
Sample preparation and measurement equipment 240
For OSL and MET-pIRIR dating, quartz and K-feldspar grains were chemically extracted using 241 standard procedures from the bulk sediment samples and separated using three different densities 242 provides a UV/blue transmission window (320-480 nm). All single grain quartz measurements were 261 made using standard single grain discs (gold-plated aluminium discs drilled with 100 holes that are 262 each 300 µm in diameter and 300 µm deep) (Bøtter-Jensen et al., 2000). All multi-grain K-feldspar 263 measurements were made using 9.8 mm diameter stainless steel discs onto which a 5 mm diameter 264 spot was sprayed in the centre with "Silkospray" silicone oil. A monolayer of several hundred grains 265 was adhered to the surface of each disc to form an aliquot for measurement. 266 267
Single grain OSL 268

Measurement procedures 269
All measurements were made using the single aliquot regenerative-dose (SAR) procedure 270 which was preheated at 260°C for 10 s prior to optical stimulation by an intense, green (532 nm) 274 laser beam for 2 s at 125°C. A fixed test dose (~11 Gy, preheated at 220°C for 5 s) was given after 275 each natural and regenerative dose, and the induced OSL signals were used to correct for any 276 sensitivity changes during the SAR sequence. A duplicate regenerative dose was included in the 277 procedure, to check on the adequacy of this sensitivity correction. As a check on possible 278 contamination of the etched quartz grains by feldspar inclusions, we also applied the OSL IR 279 depletion-ratio test (Duller, 2003) to each grain at the end of the SAR sequence, using an infrared 280 exposure of 40 s at 50°C. 281
The D e values were estimated from the first 0.22 s of OSL decay, with the mean count 282 recorded over the last 0.3 s being subtracted as background (Fig. 3 main plot) . The dose-response 283 data were fitted using a saturating exponential function, and the sensitivity-corrected natural OSL 284 signal was projected on to the fitted dose-response curve to obtain the D e by interpolation (Fig. 3  285 inset plot). The uncertainty on this estimate (from photon counting statistics, curve fitting 286 uncertainties, the error associated with the calibration of individual positions, and an allowance of 287 2% per OSL measurement for instrument irreproducibility) was determined by Monte Carlo 288 simulation, using the procedures described by Duller (2007) . The final age uncertainty includes a 289 further 2% (added in quadrature) to allow for any bias in the beta source calibration. 290
Aberrant grains were rejected using the quality-assurance criteria described and tested 291 previously (Jacobs et al., 2006a) . Table S2 Under the experimental conditions described above, we recovered correct dose estimates 295 for single grains of quartz from three samples, one each from the top (LC10-4), middle (LC10-11) and 296 bottom (LC10-17) of the sedimentary sequence. Grains of each sample were first bleached with 297 natural sunlight for 3 days, and then given a known dose (80 Gy) in the laboratory. The weighted 298 mean ratios of measured to given dose obtained for the three samples (LC10-4 -0.99 ± 0.02, n = 102; 299 LC10-11 -0.99 ± 0.02, n = 79; LC10-17 -0.97 ± 0.02, n = 57) are statistically consistent with unity, 300 which shows that the chosen SAR procedures can accurately recover a known dose under controlled 301 conditions (Fig. S1 ). Overdispersion (OD) values of 7.8 ± 1.6, 5.8 ± 2.5 and 2.4 ± 3.6% were obtained 302 for the three dose recovery data sets, respectively. Overdispersion refers to the relative spread in 303 the dose distribution above and beyond that associated with the measurement uncertainties of 304 individual grains, and was calculated using the Central Age Model (CAM) (Galbraith et al., 1999 ; 305 Galbraith and Roberts, 2012) . If all of the scatter were due to measurement error alone, then the OD 306 value would be zero, but this is commonly not the case for quartz grains even under ideal 307 circumstances (Jacobs and Roberts, 2007; Arnold and Roberts, 2009; Galbraith and Roberts, 2012) . 308
Further details about the general characteristics of the OSL signal from individual grains are 309 provided in Supporting Information. 310
D e distributions and interpretation 312
The D e values for all accepted grains from all samples are displayed, in stratigraphic order, as 313 radial plots in Fig. S9 . An example radial plot of a single grain D e distribution for sample LC10-07 is 314 presented in Fig. 4 . A total of 20,800 grains were measured for all 19 samples, but only 3007 grains 315 (14.5% of the total) passed the rejection criteria (Table S2 ). The majority of the grains (~71% of the 316 total) were rejected because they emitted no measurable luminescence signal in response to a ~11 317
Gy beta dose administered in the laboratory (Fig. S2) . Table 1 and that were mixed together after deposition. This finding is in accordance with our stratigraphic 330 observations of archaeologically sterile sedimentary layers clearly separated from the major 331 archaeological deposits (Fig. 2) . Some of the samples show the occasional high or low D e outlier (e.g., 332
LC10-15, LC10-19 and LC11-02). Because these outliers are so few, they do not skew the central D e 333 value, but the uncertainty on the D e value reflects their presence (i.e., the error on the weighted 334 mean is larger). We attribute these broader-than-expected D e distributions to small-scale differences 335 in the beta dose received by individual grains, and the homogeneous spread on the radial plot is due 336 to the ubiquitous inclusion of limestone clasts into the otherwise sandy-clayey sediment matrix. 337
Contamination by quartz grains derived from decomposed limestone rubble is not a problem at this 338 site, as dissolved lumps of rubble contained no quartz or feldspar grains. 339
Because only a single discrete D e component can be detected in each of our samples, we 340 calculated the weighted mean of the single-grain D e values using the CAM to obtain the most 341 accurate estimate of D e for age calculation. The CAM assumes that the D e values for all grains are 342 centred on some average value of D e and has the virtue of taking any overdispersion into account 343 when determining the weighted mean and its standard error. 344
Multiple-aliquot MET-pIRIR results and interpretation 346
In this study, we also applied the MET-pIRIR procedure to obtain D e estimates on the K-feldspar 347 problem in this study, we used a multiple-aliquot method to avoid having to make the residual dose 358 correction (Table S3 ). Several groups of natural aliquots (each comprised of 4-6 aliquots) of each 359 sample were bleached using a solar simulator (Dr. Hönle UVACUBE 400) for 2 hr, which has been 360 shown to be sufficient to remove most of the bleachable signal (Li et al., 2013) . Each group was then 361 given a different regenerative dose and preheated at 300°C for 60 s, followed by successive MET-362 pIRIR measurements at 50, 100, 150, 200 and 250°C to stimulate regenerative MET-pIRIR signals (L x ). 363
The aliquots were then given a test dose of 44 Gy, followed by the same preheat and series of MET-364 pIRIR stimulations to measure their respective sensitivities (T x ). The sensitivity-corrected MET-pIRIR 365 signal (L x /T x ) from each group was then plotted against its regenerative dose to construct a dose 366 response curve. A separate group of natural aliquots was measured in the same way to obtain the 367 natural signal (L N ) and its sensitivity (T N ). The full procedure is summarised in Table S3 . Because 368 different groups of aliquots were bleached for the same period of time, the residual signals are 369 assumed to be the same, so no residual correction is required. The dose response curve for the MET-370 pIRIR signal of sample LC10-03, measured at a stimulation temperature of 250°C, is shown in Fig. 5a . 371
The advantage of using the MET-pIRIR procedure, compared to the two-step pIRIR procedure, is 372 that multiple ages are obtained for a sample (at different stimulation temperatures). The 373 expectation is that the signal measured at the lowest temperature will yield the youngest apparent 374 age, because this signal is still subjected to complications associated with anomalous fading. As the 375 temperature is increased step-wise, the ages should increase until a plateau is reached, if a stable or 376 non-fading component has been measured (Li and Li, 2011; 2012) . This can also be illustrated as a 377 
Environmental dose rate measurements and results 385
The total environmental dose rate to etched sand-sized grains of quartz and feldspar consists of 386 contributions from beta, gamma and cosmic radiation external to the grains, plus an internal dose 387 rate due to radioactive inclusions. Both minerals receive a small internal alpha dose from U and Th 388 inclusions, while K-feldspar grains also have a significant internal beta dose rate from the radioactive 389 decay of 40 K and 87
Rb. 390
The external beta dose rates for all 19 samples were measured directly using a GM-25-5 low level 391 beta counter (Bøtter-Jensen and Mejdahl, 1988), and allowance was made for the effect of grain size 392 and HF acid etching on beta dose attenuation. For five of the samples, we made two sets of three 393 measurements several weeks apart, to check the reproducibility of our measurements over time. 394
The average ratio of the first/second set of measurements was 1.007 ± 0.023, which is well within 395 the reproducibility error of 3-4% measured for each of the samples. 396
The gamma dose rates for all 19 samples were measured directly at the point of sampling with a 397 NaI(Tl) detector. This approach takes into account the obvious spatial heterogeneity in the gamma 398 radiation field (a radius of ~40 cm) around each sample. The dose rates were estimated using the 399 "threshold" technique (Mercier and Falguères, 2007) , which gives an estimate of the combined 400 gamma dose rate from U and Th chains and from 40 K. The detector was calibrated using the doped 401 concrete blocks at Oxford (Rhodes and Schwenninger, 2007) . 402
By measuring the external dose rates in these ways, we have implicitly assumed that the present 403 state of (dis)equilibrium in the U and Th decay chains has prevailed throughout the period of sample 404 burial. These dose rates were corrected for the measured (field) water content of each sample. For 405 water content measurement, we collected sediment at the back of each sample hole ~20-30 cm into 406 the section wall, and away from the dried out excavated faces; we then immediately sealed the bags 407 tightly to prevent drying of the sediments before measurement in the laboratory. We assume that 408 these field values are representative of the average long-term water contents, but note that, for 409 quartz grains, an increase in water content of 1% will result in a ~1% increase in age. The effect on 410 feldspar grains is less, because the internal dose rate is not affected by water content. We assigned a 411 relative uncertainty of ± 25% (at 1σ) to accommodate any likely variations over the burial period. 412 A small, internal alpha dose rate of 0.03 ± 0.01 Gy/ka was assumed for the quartz grains. For the 413 K-feldspars, an internal beta dose rate was calculated by assuming internal Gy/ka, which is a significant fraction (between 17 and 24%) of the total dose rate. 419
The cosmic-ray dose rates were estimated from the equations provided by Prescott and Hutton 420 (1994), taking into account the burial depth of each sample (averaged over the entire period of 421 burial), the density of sediment overburden (1.8 g/cm 3 ), and the altitude (90 m) and geomagnetic 422 latitude (49.3°) of Les Cottés. We also took into consideration the cos 2 φ-zenith angular distribution 423 of cosmic rays (Smith et al., 1997) to allow for the extent of rock shielding of the deposit by the 424 adjacent limestone cliff into which the cave extends. We assigned a relative uncertainty of ±15% to 425 these dose rates to account for the systematic uncertainty in the primary cosmic-ray intensity 426 (Prescott and Hutton, 1994) . 427
For the quartz samples, the total dose rates range between 1.59 ± 0.06 and 2.45 ± 0.08 Gy/ka. 428
The feldspar samples have the same relative range, but are consistently ~0.5 Gy/ka higher due to the 429 internal beta dose rate. The majority of the quartz samples fall within a much narrower range of 430 dose rates (1.59 ± 0.06 to 1.96 ± 0.09 Gy/ka), and only the few samples collected from US03 and 431 US02 have slightly higher total dose rates (2.23 ± 0.08 to 2.45 ± 0.08 Gy/ka). The latter is directly 432 related to the much higher clay content, and much lower limestone rubble content, compared to the 433 over-and under-lying units. For all samples, the uncertainty associated with the total dose rate 434 represents the quadratic sum of all known and estimated sources of random and systematic error. 435 436
Age estimates and comparisons 437
Single grain OSL chronology 438
The D e and dose rate information is presented in Table 1 , together with the final ages for all 439 samples derived from single grains of quartz. Uncertainties on the ages are given as 1σ. 440
For each of the archaeological units, we have calculated ages for at least two and, in some cases, 441 three samples to allow us to check the reproducibility of our ages within any unit and across 442 excavation space. We used the statistical (homogeneity) test of Galbraith (2003) to determine 443 whether the ages from each unit are self-consistent (i.e., the spread in ages for each layer is 444 statistically compatible with the size of the age uncertainties). The calculated P-values are provided 445 in Table 2 , alongside the individual ages for each archaeological unit. The calculated P-values are all 446 >0.05 (except for unit US06), which, by convention, suggests that the OSL ages are self-consistent 447 within each unit (US). We accordingly calculated a weighted mean age for each unit, assuming that 448 the individual ages represent a series of events spread over a time interval that is short compared to 449 the size of the uncertainties associated with each individual age in that unit. 450
The weighted mean OSL ages presented in Table 2 were then used to construct a chronological 451 framework for sediment deposition at Les Cottés. Using this chronology, ages have been inferred for 452 each of the associated archaeological industries. A noteworthy feature is that the weighted mean 453 ages are all in the correct stratigraphic order. An age of 51 ± 3 ka is obtained for the uppermost and 454 exposed levels of the Mousterian (US08). The overlying sterile unit (US07) is dated by a single OSL 455 age to 47 ± 2 ka, which, in turn, is overlain by sediments containing the Châtelperronian (CP) 456 industry in US06. One of the US06 ages (LC10-13) is younger and statistically inconsistent with the 457 other two ages (see P-value in Table 2 ), and the age for the overlying sterile unit. This age is, thus an 458 outlier, and we have excluded LC10-13 from the weighted mean age of 43.1 ± 2.2 ka obtained for the 459
CP. This age is very similar to the range of Aurignacian (UEA) in Unit US02 is dated to 37.2 ± 1.5 ka, which is overlain by a thick sterile unit 469 (US01) dated to 35.5 ± 1.5 ka. The entire sedimentary sequence so far exposed at Les Cottés thus 470 spans a relatively brief time interval of seventeen millennia, from ~52 to ~35 ka. 471
472
Single grain OSL and multiple aliquot pIRIR comparisons 473
The D e and dose rate information for the five samples for which we measured the MET-pIRIR 474 signals from K-feldspar grains are also presented in Table 1 . In contrast to the single grain OSL 475 measurements on quartz, these D e values resulted from measurements of thousands of K-feldspar 476 grains for which an 'average' result was then obtained and subsequently used to calculate the final 477 D e value and age. Age_Temperature (A_T) plots for all five samples are presented in Fig. 6a-e, and  478 show the ages calculated for the MET-pIRIR signal at each stimulation temperature. Also shown in 479 Fig. 6 , as a grey band, is the corresponding single grain OSL age for each sample and its 1σ error. Thetemperature MET-pIRIR signals (50 and 100°C) significantly underestimate the quartz age, whereas 482 the ages obtained from the plateau region are consistent with the quartz OSL age (i.e., within 1σ). 483
This consistency is also evident from the ratio of the single grain quartz OSL age over the 250°C pIRIR 484 feldspar age (Fig. 6a-e) . This agreement between the single grain quartz OSL and multiple-aliquot 485 MET-pIRIR feldspar ages has two important implications: 1) incomplete bleaching of the OSL and 486 pIRIR signals is not a problem. The pIRIR 250°C signal requires a longer sunlight exposure time than 487 the OSL signal to empty the relevant traps and reset the 'clock', so the consistency in their ages 488
suggests that both signals were completely reset at the time of deposition. 2) The effect of small-489 scale differences in the beta dose delivered to individual quartz grains, and the rejection of single 490 grains on the basis of their malign OSL behaviours, has not biased the OSL ages. 491
We, thus, feel confident that our single grain OSL 'clock' is performing accurately and that the 492 single grain OSL chronology is reliable. evidence of human activity (i.e., cut marks or retouch). All samples were pretreated using the latest 497 molecular ultrafiltration method and they conducted an inter-laboratory measurement procedure 498 where samples with enough collagen were split in three, and measured on two different accelerator 499 mass spectrometry (AMS) instruments. Each of the three sample splits were graphitised in the 500 different laboratories, but the graphitised sample from Max Planck was measured on the same AMS 501 as the samples graphitised in Oxford. Excellent measurement reproducibility was obtained and a 502 weighted mean of the different measurements made on the split samples were used to calculate the 503 final ages. It is important to note that the latter reproducibility check is not a test of sample purity, 504 since all sample splits were pretreated simultaneously in one laboratory (EVA-MPI). All but two of 505 the samples contained the required >1% collagen and had C:N ratios that fell well within the 506 accepted range (2.9 -3.6) for modern humans and other animals. Also, the majority of samples had 507 %N values for collagen that indicate good protein quality. In modern samples, this is typically ~16% 508 and anything less than ~11% is thought to be problematic. Only two samples from the Mousterian 509
had %N values less than 11% (see Table 3 in Talamo et al., 2012) . All 27 14 C ages are summarised in 510 Table S5 , together with their 68.2 (1σ) and 95.4% (2σ) probability calibrated age ranges determined 511 using IntCal13 (Reimer et al., 2013) . 512
In general, the Table S5 ). These 514 outliers follow no systematic trend: in the EA and CP, the 'outlier' ages are older, whereas in the PA 515 and M they are younger. Talamo et al. (2012) were not able to determine the reason for these 516 aberrant ages, but they dismissed mixing on the basis of stratigraphy. So, in their construction of the 517 final 14 C chronology, these outliers were omitted and they obtained start and end dates for each of 518 the cultural industries using a Bayesian model built in OxCal. The exact modelled start and end dates 519 are not provided in Talamo et al. (2012) , but it can be read from their Fig. 4 . From this, it is evident 520 that the entire excavated archaeological sequence represents only ~10 ka of deposition and 521 occupation, ranging from ~46 ka at the start of the so-far exposed Mousterian levels to ~36 ka at the 522 end of the upper EA; this is ~7 ka shorter than the single grain OSL chronology. 523
524
We have summarised in Table 2 The only discrepancy between the two sets of ages is for US08, the Mousterian. The OSL ages for 535 this unit, and the age for the overlying sterile unit (US07), are systematically older than the 14 C ages. 536
The ages for US08 are statistically inconsistent at 2σ. Since we have treated the Mousterian OSL 537 samples in an identical way to those collected from the rest of the sequence, we do not believe that 538 the problem resides in the OSL dating. We have also tested the sensitivity of our ages to changes in, 539 for example, moisture content. To obtain OSL ages consistent with the 14 C ages of US08, we would 540 need to assume that the sediments had been completely dry (0% water content) for the entire 541 period of burial; even then, the OSL ages would only be consistent with the upper end of the 14 C age 542 range. We, therefore, do not believe water content to be the problem. Partial bleaching can also be 543 discounted because of the consistency between the quartz and feldspar ages (see Fig. 6 ); the MET-544 pIRIR ages are derived from stimulation of harder-to-bleach traps, so should partial bleaching be a 545 problem then one would expect the ages for the K-feldspars to be overestimated relative to the 546 single grain quartz OSL ages. This is not the case. As a result, we believe that the 14 C ages for the 547
Mousterian are likely to be underestimates of the true age of the Mousterian at Les Cottés. This is 548 probably due to very small-scale contamination of the bone samples that has not been removed by 549 the ultrafiltration pretreatment procedure and that was not detected by any of the internal tests to 550 validate sample purity. The same issue of age underestimation may also afflict other bone samples 551 that lie at the upper limit of Institute for evolutionary anthropology in Leipzig, Germany, contributed to fund the excavation. We 598 also thank all members of the excavation and research team for valuable information that has 599 helped us to understand and interpret the OSL data. 600 Table S5 ). The age ranges provided in italics do not include the ages identified in Talamo 52.5 ± 3.6 49.2 ± 3.6 * The weighted mean OSL age does not include LC10-13. Table 1 ). Also provided for each sample are the ratio (and standard error) of the single grain quartz OSL age to the multiple aliquot K-feldspar pIRIR age at 250°C. Table S5 ). The data are plotted in stratigraphic order. 
